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ABSTRACT

PHERALX, on acronym fur Pulsed High-Energy Radiographic Machine
Emitting X Rays, has been usced as a diagnostic tool tu make quantitative
measurcients from radiographs ot inert materials under dymamnic high-pressure
conditions and of explosives during the detonalion process.

In some experiments, radiography is the best method (compared to
high-speed optical cameras and contactor pins) to study complicated hydro-
dynamic flow occurring in a dynamic experiment. To demonstrate the versa-
Litity and uniquencess of PHERMEX and the radioyraphic method, several exper.
iments on inert solids having high and low ateric numbers will be discussod
with soma particulars. This includes the observation of the 11.0-GPa-pros-
sure phase Lransition for antiwony and the accompanying lwo-shock structure
and the of f-Hugoniat dala for Yead using regular reflection. Alsc, by care-
ful design of a radiographic esperiment, the Hugoniot stale bekiml a shock
front can be completely and precisely specified.  Aluminum is an example of
a materlal studies in thils mammer.

PHERMLEYX is useful 1n sludying some detonation properties of
explosives. As an illustration, the discussion will include radgiographic
resulls of divergence characteristics of a detonation wave in sensitive and
insensitive explosives as 1t propagates past a corner and the effecl of
preshocking on the detonation process of insensitive exploslves when the
detonation wave inleracts with a reglon that has been shock-compressed at a
pressure ton low Lo causce detonalion.

The above are only a few of the hundreds of radlographlc studies of
shock-wave phenomena of sollds and detonation cheracteristics of explosivoes.
A complele 1ist of PHERNEX experiments is published in "LASL PIHERMEX Data
Volumes, [, I1, and TI1." NUnlversity of California Press, Berkeley and Los
Angeles, California, 1930, Co L. Mader FLditor.
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PHERMEX, an acronym for Pulsed High-Encrgy Radiographic Machine
Emitting X rays, has been used in “multipTe-cxperiment flash radiography to
study varTous hydrodynamic phenomena. Since PHERMEX became operational in

1963, many dynamic high-prcssure cxpc-rimentf.1 have been performed on many
differenl inert and reactive materials that have low and high atomic numbers
and densities. In this paper, only a few of the many experiments are
discussed.

The subjects for the first scction are single-shock Hugoniot data

for alunn'num2 using perpendicular drive, off-Hugoniot data on aluminum3'4
using reflected rarefaction and Moch-reflection techniques, high-pressure

Hugoniol experiments on lead5 usinfg regular-reflection methods, and the
results of sLtudies tn observe the prescnce of double shock waves in several

solidsﬁ. The sccond section is a discussion of experiments to examine the

corner-turning propertics of sensitive and insensitivu, explosives. In
Lthese studics, PHERMEX radiographs provided unique 1nfonna810n about the
divergence of a detonation wave as it propagates past a 90 corner. In the
third section, radiographic experiments are described in which desensitizing
action of hceterogencous explosives was accomplished by preshocking techni-

ques. The resulls of these experiments have been numerically mode]ud8 using
the "Forest Fire" techniqm-.9

A.  DYNNAIC [ XPERIMENTS OM INLRT MATERIALS

Single-shock llugonlol dala can be oblained [rom flash radiographs
of explosive-metal systems using x-ray sources Lhat have very good spatial
and ‘ime-resolution characteristics. Using radiogruphic techniques for
measurlng equation-of-sta'e properties requires thal small differences in
ercal density be observable, Lhat edges and discontinuities be distinguish-
able, and that sufficient flux and penetrating radiation be available Lo
accuralely measure angles, Interface posilions, and sl1ight material densily
chanyes.  The use of PHERMLX on carefully designed experiments has prodiced
very good data from Mach-reflection, regular-reflcction, and obliqua-drive
techniques on many different malerials,

Hugoniot dalu on aluminum were obtained by means of a detonallon
wave procecding b right angles Lo the aluminum interface. A schematic of
the Muld dynamics 1s shown in Fig. 1. Since the detonation velocity (D) is
assumed tu be conslant, Lhe shock velocity (Us) in the aluminum is yiven by

Us v Dsin o
For the single-shock condition, Lhe particle velocity (U ) and the inLerface
deficclion are related by

U & eme..ton 0
p o ens e sTn 6 tan «

The oressm in Lhe alaninum is calculated from

ll . 'nukup

vhere . 1s the Initial doensity. By using difterent explosives and hence

different. detonation velocitics, lugoniol points can be obtained. It 1s
vary impartant to choose well charactericzed explosives and that the detonas
tion front be planar ant gt right angles o the intertace. Figure 2 1s a
reproduction of a static rediograpy of o typical pvnpvndnCular-dnlvn expar | -
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by 100 mm by 127 mm long in contact with the aluminum sample that was 64 mm
wide, 100 mn thick, and 114 mm long. The radiographic thickness was 100 mm.
A plane-wave explosive lens initiated the driving explosive from below. The
dynamic radiograph shown in Fig. 3 was taken after the detonation wave had
traveled about 75 nm. Figure 4 is a line drawing showing the principal fea-
tures on the radiograph. Line OA is the detonation wave, OB the shock wave,
and OC the interface. Angles 0 and ¢ were measured at the intersection
point 0 bccause the shock and interface were both curved. The results from
three experiments on aluminum using TNT, Composition B-3, and PBX-9404
explosives are plotted in the Us'Up planc shown in Fig. 5 and listed in the

table of Fig. 6. The Us-Up data obtained radiographically agrees very well

with the well-known Hugoniot curvc10 for aluminum. This technique was uscd

to obtain Hugoniot data for other materia]sz.

In addition to obtaining Hugoniot data on the sample materials from
these experiments, some properties of the driving explosive can be deter-
mined also. Once the angle o and the pressure in the sample is detcrmined,

the Chapman-Jouget (C-.J) pressure of the explosive can be calculai:ed11
a gamna-law vquation of state of the form

. P
ST (2 ) B

E and p are the encrgy and density behind the detonation front, v is a con-
stant for the explosive, P 1s the C-J pressure, and Q is the cnergy releasc
from the delonation reaction. The calculational procedure is to choosc a
value for ganma that matches the measured pressure in the sample and the an-
gle «, given Lthe detonation velocily and initial density of the explosive.

from

Off-Hugoniot data for a samnle can be obtained by reflecting a
shock wave from o sccond material with a different impedance. In this
experimentol situation, either a reflected shock or a reflecled rarefaction
vill be formed depending on whether the impedance 1s larger or smaller than
the sample. Figure 7 1s a schematic drawing of the oblique-reflection tech-

nique. This tcchniqun3 was used to measure the sound speed in preshocked
aluminum,  In this case, the reflected wave is a rarefaction wave, and meas-
urement of angle 8 1s a function of Lthe sound spred as il Lravels into the
preshocked aluminum.  The experiment consisted of nlacing two 203-mm-Tong by
102-nm-5quare blocks of Cmupositlan B-3 explosive on two sides of an alumi-
num wedge machined to have two 407 angles. Two planc-wave explosive lenses
initiated Lthe explosive block simullaneously. Tanbalum foils wern ombedded
in the aluminum for radiographic contrast. Figure & is a reproduction of
the static radiograph of the sound- speed oxperiment. A reproduction of the
dynamic radiograph is shown in Fig. 9, and a line drawing of the main
features 1s shown in Fig. 10.

At the aluminum wedge-air anterface, the two incldent shock waves
strike the interface obliquely causing a rarefaction wave to be reflected
back into the recompressed aluminum. By measuring ¢ and o at the point ot
contacl and by knowing the imluced pressure in Lhe aluminum, the speed (Cp)

of the rarcfaction wave in the preshocked aluminam can be calculated from
the cxpression

Cp u U'
The resulls from the aluminum experiment. are Us v [ 27 kn/s, Up = 1440
km/s, ¢ . 400. fon 40.20. Cp o a8 ks, o= 27,4 CPG, and 1w G20, Sub-

serdpy "p" dindfcates that the measuroment 18 hohind They nniarinal chant

, cos (i 4 6) + Ug sin #/sino .



vave. Measurement of the angles { and  must be made at the intersection
point formed by the principal shock and the rarefaction wave at the
interface because of curvature.

Reflected oblique shock-wave experiments for which the collision
was symmetric (6 = 0 in Fig. 7) have been performed on lcad using PHERMEX.
‘ne reqgular-reflection experiment described here consisted of a 14.0-pm-wide
by 25.4-nm-thick by 127.0-mm-lony lead sample sandwiched between two pieces
of PBX-9404, cach 63.5 mm wide by 25.4 mm thick by 127.0 mm long. A P-021
plane-wave explosive lens initiated the PBX-9404. A renroduction of the
dynamic radiograph is shown in Fig. 11. By measuring the angles 8 and ¢
(sce Fig. 7) and knowing the incident shock state, the reflected shock and
particle velocities (U_. and Upr) can be determined from the following

. sr
expressions

] S G
Upr cos [ Up cos G

and

Usr

Results from the lead experiment follow: US « 24911 km/s, U_ = 0.601 km/s,
P = 19.8 Gha, 0 - 19.32%, # = 21.16°, Usr = 3.634 km/s, Upr = 0,608 km/s,
and Pr = 51.4 GPa. TFrom these results, the Griineisen ratio (') was calcu-
lated to be 1.96.

Up cos (R +0) + U, sin g/sinn

PHLKMEX radiographs clearly show the formation of both the first
and second waves in materials shocked to a pressure near the phase transi-
tion. The pressure associated with (he first wave is the pressure of the
transition and Lhe second wave corresponds to the overdriving pressure.
Perpendicular-drive Lechniques, previously discussed, were used to perform
radiographic experiments on bismuth and antimony, both solids, and on carbon
disulfide, a Tiquid. The experiments consisted of blocks of explosive ini-
tiated by a P'-040 lens in countact with the solid samples. A reproduction of
a static radioyraph of a typical arrangement is shown in Fig. 12. The two-
shock structure obscerved in bismuth 1s shown in Fig, 13, and Fig. 14 is a
line drawing showing the principal fealures. An analysis of the radiographs
indicate that the first- and sccond-shock curves originate from the same
point on the interface, and hence, the transition time is postulated to be
essenlially instantancous. A measurcment of the angles subtended by the two
shock waves and knowing the detonalion velocity of the baratol explosive
yields a transition pressure of aboul 2.7 GPa. This value is in goud agree-

ment with previous work12'13 using differeni diagnostic methods. In con-

trast, the transfonnatiunl4 in antimony at about 11.0 GPa does not occur
instantancously but requires 2-3 us. Figure 15 is a reproduction of the
dynamic radiograph of a two-shock experiment on antimony, and Fig. 16 is a
line drawing of the main features. From the radiograph, the first shock
wave has a downward curvature (from a decreasing velocity), while the second
wave originates at the same poinl as the first wave but starts at a very low
velocity (small slope) amd then accelerates to a higher terminal velocity.
If the second wave fs extrapolated back to the antimony-baratol interface, a

time delay of 2-3 yus is obtained agrecing wilh Narnns']4 observations,
The final example of a two-shock structure associated with a phoso
change is an experiment in which a block of Composition B..3 explosive drives

r
Mquid carbon disulfide at right angles. A phase truns1t10u1°’16 occurs in
carbon disul fide at about 6.0 GPa, but the question about the presence oi a



two-shock wave structure associated with the transition has remained unan-
swered. A radiographic experiment was conducted rccently to answer this
cuestion. Figure 17 is a reproduction of the dynamic radiograph from the
cerbon disuifide experiment. A double-shock structure was observed. The
trans&tion pressure of 6.8 GPa was calculated from a measurement of o
(26.2") for the first shock wave, from thc krowledge of the detonation velo-
city of the Composition B-3 explosive (D = 7.93 km/s), and the carbon
disulfide equation of state.

Both liquid and solids exhibit a two-shock structure when shocked
to a pressure at which a significant phase transistion occurs.

B. DIVERGLNCF STUDICS ON DETONATION WAVES IN SENSITIVE AND INSENSITIVE
EXPLOSIVES

An important property of an explosive in practical applications is
the ability of the detonation wave to turn a corner and propagate unabated.
A series of flash-radiographic experiments using PHERMEX has been performed
to conpare the ability of the insensitive explosives X-0219, X-0291, and
PBX-9502, and the sensitive explosive PBX-9501 to turn a corner with a 90°
angle. FEach of these ecxplosives is described in Fig. 18.

Figure 19 is a diagram of a typical explosives assembly, and Fig.
20 i1lustrates the radiogriphic geometry used at PHERMEX. A reproduction of
a typical static radiograph is shown in Fig6 2i. The explosive charge as
shown in the figures was L-shaped with a 90~ inside corner and presented a
radiographic thickness of 146 mm. A Lucite plate cemented to the explosive
served as @ mechanical support and as a mecans to determine sone of the ox-
plosive's parameters. The insensilive explosive was detonated by a P-081
lens and a PBX-9501 booster explosive. Only the P-081 lens was used to ini-
tiate the PEX-9501 samples. The dynamic radioyraphs were taken at differcnt
tines to observe the progress of the detonation wave afler propagating
beyond Lhe corner,

The resulls on the insensitive explosives X-0219, X-0291, and
PBX-9%02 will be described in this paragraph. Figures 22-24 are dynaric
radicgraphs in succeeding time steps of corner turning in X-0219, the rost
insensitive of the explosives. The distinguishing features of the radio-
graphs arc the curved and well-defined detonation front in the explesive,
the larye triangular-shaped zone of high-density material near the corner,
the sharply defined boundary between the compressed zone and the explosive
gases, the well-defined shock wave in Lucite, and the slanted front and bach
surfaces of the Lucite plate. Figures ?5-27 arce dynamic radioyraphs of cor-
ner turning in X-0#91 which is morc sensitive than X-0219. The features on
the radiographs are similar to X-0219 except that the size of the compressed
region at the corner is smaller. Reproductions of dynamic radiographs of
PBX-9502 arc shown in Figs. 28-30. The principal fecatures on the radio-
graphs are similar to X-0219 and X-0291. The compressed zone is very much
smaller than obscerved for X-0219. For comparison, Lhe corner-turning char-
acleristics for the sensitive PBX-9501 are shown in the dynamic radiographs
of Figs. 31-33. The feacwures are very similar to the insensitive explosives
except there was no compressed zone at ihe corner and the detonation wave
appears to be spreading past the corner with a circular shape whose center
was al the cornor.

By way of explanation, 1t appears that as the detonation front In
the insensitive explosives propagates past the right-angle corner, a com-
pressed and unrcacted zone begins to take shape from a decrease in pressurc.

This zena builds to a size and shape that depends on the sensitivity of the
sxnlagivo. *har ic. far a concitivna avnlnciva 1ikn DRY_QANT  thara ic na



unrcacted zone, but for an insensitive explosive like X-0219, therc 1s a
very large unreacted region. Larger ratios of TATB cxplosive to binder as
in X-0291 and PBX-9502 have correspondingly smaller unreacted zones. The
composilc drawings of the radiographic features for Y-0219 and PBX-9502 are
shown in Figs. 34 and 35. Thesc illustrate that the detonation front, ori-
ginally at the apex of the compressed zone, travels down the side of the
zonce cventually leaving the region isoliated within the explosive gases.
This zonr: appears to persist for many microseconds and it may never detonate
in the normal sense. The arrows in Figs. 34 and 35 signify a decreasing
delonation velocily which suggestsoa decrease in detunation pressure after
the front turns through about a 45" angle.

From measurcments of the angles 0 ard o from the radiographs and a
krowledge of the detonation velocities of X-0219 (7.53 km/s) and PBX-9502
(7.63 km/s) and the cquation of state of Lucite, the C-J pressure (pCJ) and

the gamma-value of the explosive can be calculated from the gamma-law formu
lation of the deLonation. The computed values for ganma and PcJ and other

paramcters are compared to thoso of other explosives in Fig. 36.

The resulls from the corner-turning experimenls are sunmarized in
Fig. 3/.

C. PRESHUCKED BARATOL, PBX-95GZ2, AND X-0219 EXPLOSIVES

PHERMEX was used to study Lhe behavior of a detonalion wave pro-
ceeding into preshocked explosive. The sample explosives under study were
baratol, PBX-9%02, and X-0219 and are described in Fig. 16. The experinen-
tal concept was for a detonation wave to interoct with a shock wave produced
by the impact of a steel plate with the explosive and directed at a right
angle to the detcnation front. The characteristics o” Lhe interaction of
the detonation with preshocked explosive depends on the shock pressure which
in turn governs the run-to-detonalion dislance. In each experiment, the
sample size was 65 mm vy 100 wm by 150 mm with the radiographic thickness
being 100 nm.

In the baratol experiment, a 6.0-mm-thick sleel plate was launched
by a 12.7-mm-thick slab of Detasheel explosive to a velocily of 0.88 km/s
after a run of 2.0 nm. Figure 38 is a schomatic of the experiment, and
Fig. 39 is a reproduction of the static radiograph taken by PHERMEX. Fol-
lowing plate impact, the induced shock wave, which had an amplitude of 7.0
GPa, converts Lo a detonation wave afler propagating a distance of about 20
mi. The two detonation waves in baratol then interact furming a Mach stem.
Figure 40 is a reproduction of the dynamic radiograph taken about 10 us
after the two waves had intersected. The baratol flow problem, shown in

Fig. 41, was modclucl8 using a two-dimensional reactive Lagrangian code and
the Forest Firc9 reaction rate.

The experiment using X-0219 as the sample explosive was like the
baratol test iv all respects. Figure 42 is a reproduction of the dynamic
radiograph. At the input shock pressure of about 5.5 GPa produced by plate
fmpact in this experiment, the shock wave must run about 150 mm before
transforming to a detonation wave. Since the run-to-detonation distance was
longer than the 65-nm thickness of the explosive, the orthogonally moving
detonation wave interacted with precompressed but unrcacted explosive. The
radiographic results and computer modeling indicate that the detonation wava
was quanched as 1t propagated into the preshocked X-0219 cxplosive.



The three desensitizing experiments on PBX-9502 were constituted
similar to that of baratol and X-0219. A different desensitizing pressure
was uscd in each of the three experiments by adjusting the speced of the
steel flyer plate. One test had a plate speed of 0.5 km/s that resulted in
a 2.5 GPa input pressure, the second experiment had a plate speed of 0.88
km/s which produced a 5.5 GPz desensitizing pressurc, and the last experi-
ment had a plate speed of 1.8 km/s that induced a pressurc of 14.0 GPa.
Reproductions of tho dynamic radiographs of the experiments are shown in
Figs. 43-45. Figure 43 corresponds to a preshock pressure of 2.5 GPa, Fig.
44 corresponds to a preshock of 5.5 GPa, and Fig. 45 corresponds to a
pressure of 14.0 GPa. AL preshock pressures of 2.5 and 5.5 GPa in PBX-9502,

the run-to-detonation distance8 is much lTonger than the thickness of explo-
sive and, hence, the detonation wave procecds into precompressed explosive.
From an examination of the radiographs and from numerical calculations

similar to those perfurmed for barato].8 desensitization of the PBX-9502 by
preshocking caused the detonation wave to be quenched. The agreement be-
tween calculations which included a desensitization parameter and experiment
is shown in Fig. 46. In the third cxperiment with a preshock pressure of
about 14.0 GPa, the run-to-detonation distance is nearly 7.0 rm which is
much 1ess than the thickness of the explosive. Hence, at the time of the
radiograph in Fig. 45, the observed flow pattern resulted from the interac-
tion of two dctonation waves.

The failure of a detonalion wave to continue to propagate when the
front interacts with an explosive thal has been previously shocked has been
studied experimentally by radiographic techniques using PHERMEX and has been
modeled numerically with good success. Figure 47 suimarizes the results
from the desensitizing experiments on insensitive explosives.,
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experinent. on PBX-95%01 at @ time later Livn Fige 31,
Reproduction of a dynamic radrograph of o corncr-turning
experiment on PBX-9h0F @ a time later than Fig. 327.

A eomposite of the three tests on X-0219.
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A composite of the three tests on PEX-9502.

Comparison of explosive characteristics.

Principal resulls from corner-turning experiments.

Schematic diagram of the experimental arrangement for preshocking
explosives.

Reproduction of a Lypical static radiograph of the preshocking
explosives experimonts.

Reproduction of a dynamic radiograph of an experiment dsing
baratol explosive.

Comput.er simulation of the preshock experiment on baratol
explosive.

ReproducLion of a dynamic radiograph of Lhe experiment on
preshocked X-0219 explosive.

Reproduction of a dynamic rudiograph of the experiment for which
PBX-9502 was preshocked Lo 2.5 GPa pressure.

Reproduction of a dynamic radiograph of the experiment for which
PBX-9507? cxplosive was preshocked to 5.5 GPa pressure.
Reproduclion of a dynamic radiograph of the experiment for which
PBX-950? explosive was preshocked to 14.0 GPa pressure.

Computer simulation of PBEX-9L02 preshocked to 5.5 GPa pressure,
Sunmary of results of desensitized experiments on insensitive
explosives,
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Aluminum Hugoriot data using
perpendicular drive ond radiography

8 Ug P a a“ Up P
HE (°) (km/s) (GPa) (°) (°) (km/s) (GPa)
TNT 65.49 6.278 12.5 2.71 2.87 0.751 13.1
CompB 56.72 6.617 17.8 4.27 4.22 0.957 \7.7

9404 49.97 6.738 19.9 4.87 4.82 1.048 19.7

®Measured directly

Fig. 6
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EXPLOSIVES DESCRIPTION

PBX -950I 95 HMX 7 2.5 Estane / 2.5 BDNPA
and BDNPF

PBX-9502 95 TATB /S Kel-F 800
(X-0290)

X-0219 90 TATB /10 Kel-F 800
X-029I 92.5 TATB 7 7.5 Kel=-F 800
Baratol 76 Barium nitrate /724 TNT

Fig. 18



28
Y
|

28 o
133
Lucite
i
9404 | 25 |
P-81 Lens

Fig. i?



Film
protective

Protective nose

cone
Explosive Film

Target radiographic package
specimen

-r—

P—-

——— .83 m —oto .22 m

Fig. 20



Fig. 21



Fig. 22



Fig. 23



Fig. 24



Fig. 25



Fig. 26



Fig. 27



Fig. 28



Fig. 29






Fig. 31



F'g. 32






Shock waves
Xucm .
/0

Back surface
positions

Lucite

X0z219

Air shock
waves

Fig. 34



Lucite back
surface

Lucite

X0290

Fig. 35

Alr shocks



HE

x-02i9
9502
9501
TNT
CompB

9Area of unreacted zone at the corner
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RESULTS FROM CORNER TURNING

A zone of unreacted explosive is present at the corner
for insensitive explosives but not for 950I

Zone size and shape nearly constant but very much
smaller for 9502 than X-0219

Zone completely enveloped by HE products at later times

Reduction in detonation pressure at corner

Colculoted detonation pressure and y - value neorly
equal for X-0213 and 9502

Fig. 37
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RESULTS OF PRESHOCKED EXPLOSIVE STUDIES

The detonation wave in X-0219 was quenched as it propagated
into a region of the explosive precompressed by a shock wave

of 6.0 GPa.

The detonation wave in 9502 was quenched when propagating

intfo a region of the explosive precompressed by shock pressures
of 2.5 and 6.0 GPa.

No change in the character of the detonation wave in 9502 as
it propagated into a region of the explosive in which a 14.0GPa
shock wave had transformed to a detonation wave.

Fig. 47



